The subunit of the -aminobutyric acid (A) receptor (GABA A R) is expressed postnatally mostly in the cerebellum, thalamus and dentate gyrus. Previous studies in mice with a targeted disruption of the subunit revealed a considerable attenuation of behavioral responses to neuroactive steroids, but not to other neuromodulatory drugs. Here we show that subunit loss leads to a concomitant reduction in hippocampal 4 subunit levels. These changes were accompanied by faster decay of evoked inhibitory postsynaptic potentials (IPSPs) in dentate granule neurons of -/-mutants (decay =25ms) compared to +/+ controls ( =50ms). Furthermore, the miniature GABA A R-mediated synaptic currents (mIPSCs) also decayed faster in -mutants ( =6.3ms) than controls ( =7.2ms), and had decreased frequency (controls, 10.5Hz; mutants, 6.6Hz). Prolongation of mIPSCs by the neuroactive steroid anesthetic, alphaxalone (1-10µM), was smaller in -mutants (at 10µM, 65% increase) compared to +/+ littermates (308% increase).
Introduction
-Aminobutyric acid type A receptors (GABA A Rs) mediate the bulk of fast inhibitory synaptic transmission in the central nervous system (CNS) and have been implicated in responses to sedative/hypnotic, anesthetic, convulsant and anticonvulsant drugs . Mammalian GABA A Rs are a family of heteropentamers formed from a family of at least 19 related subunits, which confer on the resultant GABA A Rs different sensitivities to GABA and to modulatory drugs. The subunit of the GABA A R is expressed exclusively postnatally, mostly in the cerebellum, thalamus and dentate gyrus (Persohn et al. 1992 ). The subunit has been shown to predominantly co-assemble with the 4 and 6 subunits, the latter limited to cerebellar granule cells (Mertens et al. 1993 ; Huh et al. 1996; Jechlinger et al. 1998 ; Quirk et al. 1995) . Genetically altered mice with a knockout of the 6 subunit exhibit a dramatic reduction in the subunit polypeptide in the cerebellum, which is further evidence for coassembly of these two subunits (Jones et al. 1997 ). The presence of either 4 or 6 subunits in the GABA A R confers a relative insensitivity to classical benzodiazepine agonists (Quirk et al. 1994 ; Khan et al. 1996 ; Benke et al. 1997 ).
Mice with a targeted disruption of the subunit gene (Mihalek et al. 1999 ) produced heterozygotes (+/-) and null mutants (-/-) that had reduced levels of [ 3 H]muscimol binding and reduced inhibitory synaptic transmission. They were observed to have spontaneous convulsive seizures, increased susceptibility to pentylenetetrazol (PTZ)-induced seizures, and epileptic electroencephalogram recordings (Olsen et al. 1997 ; Banerjee et al. 2000) . Furthermore, in vivo behavioral testing revealed a strikingly selective attenuation of responses to neuroactive steroids, but not to other neuromodulatory drugs and anesthetics (Mihalek et al. 1999) . This is consistent with recent reports that 4 -containing GABA A Rs are more sensitive to neurosteroids in recombinant expression studies than other subunit combinations (Brown et al. 2002; Wohlfarth et al. 2002) , however others reported decreased neurosteroid sensitivity of 6 -containing GABA A Rs (Zhu et al. 1996 ). The present study was designed to further explore the physiological mechanisms by which mutant phenotype expression may occur. A preliminary account of some experimental results has been made (Li et al. 1998; Spigelman et al. 2002) .
Methods

Animals
Mice were produced and genotyped as described previously (Mihalek et al. 1999 ). All mice were of a mixed C57BL/6J X Strain 129Sv/SvJ genetic background and were derived from heterozygote matings. Experiments were performed on male or female mice at 2-4 months of age.
Membrane preparation and Western blot
Individual hippocampi were dissected on ice from each mouse brain and P2 membrane fractions were prepared by homogenization, low-speed centrifugation in 0.32 M sucrose and centrifugation of the supernatant at 12,000 g for 20 min. 
Detection and analysis of mIPSCs
The recordings were low-pass filtered off-line (Clampfit software) at 2 kHz. The 
Results
Decreased 4 subunit levels in hippocampi of knockout mice
The 4 antibody recognized a 67 kDa band in the membrane fractions from +/+ and -/-mice. Figure 1A shows that the 4 subunit was decreased significantly (-25 ± 5.5 %) in -/-mice (n = 8) compared to +/+ mice (n = 8). Figure 1B shows representative Western blots of GABA A receptor (top) and 4 (bottom) subunit peptide levels. The staining for the 54 kDa GABA A protein present in +/+ is completely absent from -/-lanes.
Membrane properties and IPSPs of granule cells from knockout mice
Initially, sharp electrode recordings revealed that the intrinsic membrane properties of dentate granule neurons (Fig. 2) did not differ between the wild type and mutant mice (Table 1) .
However, differences were observed when the properties of evoked inhibitory postsynaptic potentials (IPSPs) were compared between the three groups of mice (Fig. 3) . The IPSPs in -/-mutants had decay rates ( = 25 ± 3.5 ms) twice as fast as those of wild type controls ( = 51 ± 5.2 ms), while heterozygotes had intermediate decay rates ( = 45 ± 6.3 ms). These differences were observed in the absence of changes in the reversal potential of the IPSPs between the three groups of mice (Fig. 3) .
Altered kinetics of mIPSCs in subunit knockouts.
The decay rates of evoked IPSPs are determined partly by kinetics of GABA release as well as activation of both synaptic and extrasynaptic GABA receptors. However, the decay rates of miniature GABA A R-mediated synaptic currents (mIPSCs) predominantly reflect activation of synaptic GABA A Rs. Therefore, we recorded mIPSCs to investigate directly the relaxation time (Fig. 4) . However, the decay of mIPSCs from -/-mice was significantly faster (6.34 ± 0.18 ms, n = 19) than that of +/+ controls (7.21 ± 0.22 ms, n = 18). The total charge transfer measured as the area under the averaged mIPSCs was also significantly different (p = 0.028) between +/+ controls (174.8 ± 10.4 pA ms)
and -/-mice (146.6 ± 6.6 pA ms), suggesting reduced synaptic inhibition in mutant mice.
Furthermore, the frequency of mIPSCs in granule cells from -/-mutants (6.6 ± 0.7 Hz) was significantly smaller than in +/+ controls (10.5 ± 1.3 Hz), suggesting a reduction in the number of GABAergic synapses in mutants.
Decreased alphaxalone potentiation of mIPSCs in knockout mice.
The potentiation of mIPSCs by bath application of the neuroactive steroid, alphaxalone
(1-10 µM), was examined in wild type controls and mutants. In granule cells from both groups of mice, alphaxalone had no significant effect on the rise time, amplitude, or frequency of mIPSCs. The main concentration-dependent effect of alphaxalone was to prolong the decay time course of mIPSCs (Fig. 5 ). Partial reversal of this effect was obtained upon wash in some recordings (data not shown). After application of 3 µM alphaxalone, this effect appeared considerably smaller in -/-mice (30 ± 12% increase, n = 6) compared to wild type littermates (99 ± 27% increase, n = 9), but did not reach statistical significance (p=0.057). However, at 10 µM alphaxalone the differences were highly significant (p = 0.0002). Thus, decay of mIPSCs from -/-mice was increased by only 64 ± 27% (n = 5), whereas the wild type decay was increased by 308 ± 30 % (n = 6). 
Decreased alphaxalone modulation of [ 35 S]TBPS binding in knockout mice
To explore the mechanism behind the reduced alphaxalone effects on mIPSCs in mutants, we studied the ability of alphaxalone to allosterically modulate the binding of a selective GABA A R ligand in brain homogenates. Alphaxalone has previously been shown to modulate three specific binding sites on the GABA A R complex: the GABA site, the benzodiazepine site, and the TBPS site (Lambert et al. 2001; Hawkinson et al. 1994 ).
Alphaxalone at higher concentrations (0.3 -1 µM) was capable of complete allosteric inhibition of [
35 S]TBPS binding in brain homogenates from +/+ mice, whereas less than 37% displacement was achieved by 1 µM alphaxalone in homogenates from -/-mice (Fig. 6) . Thus, the reduced behavioral effect of neurosteroids on -/-mice is also reflected in vitro at the level of GABA A R function in hippocampal slices and at the level of receptor protein in binding assays.
Discussion
The major findings of this study were: 1) loss of the subunit is accompanied by a reduction in 4 subunit levels in the hippocampus; 2) the dentate granule cells of mice deficient these is that deletion of the subunit results in decreased GABA A R-mediated inhibitory neurotransmission. This explanation is now fully supported by the results of our electrophysiological recordings in which the evoked IPSPs, and to a lesser extent the spontaneous mIPSCs in granule cells from the subunit mutants, exhibit faster decay compared to their wild type controls. In the absence of differences in amplitude and rise times, faster mIPSC decay and reduced total charge transfer through the GABA A R-activated chloride channels represents reduced synaptic inhibition. This is consistent with the reduction in subunit-containing GABA A Rs, whether or not they are replaced by other subunits with different
properties. In addition, the observed decreased frequency of mIPSCs suggests a reduction in the number of GABAergic synapses in mutants.
The mIPSCs from wild type controls recorded with CsGluconate-based whole-cell patch pipettes in the presence of TTX (0.5 µM), APV (40 µM), CNQX (10 µM), and CGP 54,626 (1 µM) had kinetics (Fig. 4) Miniature IPSCs measured at the soma of granule cells result almost exclusively from the release of GABA at synapses located at or near the soma (Soltesz et al. 1995) . Therefore, the subunitcontaining GABA A Rs likely make a small but significant contribution to normal synaptic transmission in the dentate gyrus of wild type mice.
The differences between alphaxalone effects on mIPSCs of subunit knockouts and wild type mice provide a physiological substrate for the decreased behavioral effect of synthetic neuroactive steroids demonstrated in our previous in vivo studies (Mihalek et al. 1999 ). 2002). Despite the low abundance of subunit in wild type animals, subunit deletion in knockout mice leads to a considerable decrease in the response of these mice to neuroactive steroids such as ganaxalone (Mihalek et al. 1999 ). This suggests that the brain regions containing high concentrations of the subunit may be particularly important to the actions of exogenously administered neuroactive steroids. However, the decreases in alphaxalone sensitivity of mIPSCs in brain slices were more robust than the previously observed decreases in hypnotic potency of alphaxalone in subunit mutants, suggesting that areas of the brain other than the dentate gyrus (e.g. cortex) may be more important in mediating the hypnotic effects of neurosteroids.
There is also indirect evidence that endogenous neurosteroids may play a role as CNS depressants with anxiolytic and anticonvulsant activity. knockouts may also exhibit adaptive changes in activity of ion channels other than the GABA A R-activated Cl -channels. representative Western blot films for the measured GABA A R and 4 receptor subunit peptides.
In both gels, lanes 1-4 were loaded with hippocampal membrane proteins from +/+ mice, lanes 5-8 with hippocampal membrane proteins from -/-mice. 
